Parametric cost models are used to plan missions, compare concepts and justify technology investments. This paper reviews an on-going effort to develop cost modes for space telescopes. This paper summarizes the methodology used to develop cost models and documents how changes to the database have changed previously published preliminary cost models. While the cost models are evolving, the previously published findings remain valid: it costs less per square meter of collecting aperture to build a large telescope than a small telescope; technology development as a function of time reduces cost; and lower areal density telescopes cost more than more massive telescopes.
INTRODUCTION
Parametric cost models for space telescopes provide several benefits to designers and space system project managers. They identify major architectural cost drivers and allow high-level design trades. They enable cost-benefit analysis for technology development investment. And, they provide a basis for estimating total project cost. A survey of historical models found that there was no definitive space telescope cost model [1] . Thus, there is a need for parametric space telescopes cost models. An effort is underway to develop single variable [2] and multi-variable [3] parametric space telescope cost models based on the latest available data and applying rigorous analytical techniques. Since the publication of the single and multi-variable parametric models, the data base has changed. New telescopes were added to the data base; data for other telescopes was revised; and, other telescopes were removed from the modeling analysis. As a result of these changes, the cost models have changed. But the general findings remain unchanged: aperture diameter is the primary cost driver for large space telescopes; technology development as a function of time reduces cost; it costs less per square meter of collecting aperture to build a large telescope than a small telescope; and it costs more per kg to build a low areal density telescope than a massive telescope.
METHODOLOGY
Cost and engineering data has been collected on 59 different parameters for 39 x-ray, UV, optical, infrared, microwave and radio space telescopes. But to date, only the 32 normal-incidence UV, Optical, Infrared (UVOIR) missions have been studied for cost modeling. And, of these 32, sufficient data exists for only 15 with which to develop an Optical Telescope Assembly (OTA) cost model (Table 1) . Data was collected from multiple sources, including: NAFCOM (NASA/ Air Force Cost Model) database, RSIC (Redstone Scientific Information Center), REDSTAR (Resource Data Storage and Retrieval System), project websites, and interviews.
For our study, Optical Telescope Assembly (OTA) is defined as the space observatory subsystem which collects electromagnetic radiation and focuses it (focal) or concentrates it (afocal). An OTA consists of the primary mirror, secondary mirror, auxiliary optics and support structure (such as optical bench or truss structure, primary support structure, secondary support structure or spiders, etc.). An OTA does not include science instruments or spacecraft subsystems. And, cost is defined as prime contract cost without any NASA labor or overhead. Total mission cost is defined as Phase A-D cost, excluding: launch cost; costs associated with NASA labor (civil servant or support contractors) for program management, technical insight/oversight; or any NASA provided ground support equipment, e.g. test facilities. Accounting for NASA overheads would increase the cost by at least 10% and maybe as much as 33%. Two single variable cost estimating relationships (CERs) are reported in this paper. These CERs estimate OTA cost as a function of OTA diameter and OTA mass.
MODEL CREATION
The first step in creating a statistical cost model is to start with the Cross Correlation Matrix ( Figure 1 ) and look for variables which are highly correlated with cost. When using a cross-correlation matrix, there are several things to consider. First, the higher the correlation value, the greater the cost variation explained by that variable. Second, the sign of correlation is important. It must be consistent with known engineering design principals and manufacturing processes. Third, for multi-variable models, we want variables which independently effect cost. Variables which 'crosstalk' with each other are multicollinear. Correlations which are at least 95% significant are Bolded, e.g. for 12 data points a correlation of greater than 60% is significant to better than 95%.
A careful study of the cross-correlation matrix shows that OTA Cost is highly correlated with Aperture Diameter, Primary Mirror Focal Length, System Focal Length, Pointing Stability, Total Mass, OTA Mass, Design Life and Development Period. But, caution is required because not all of these variables are independent. Aperture Diameter correlates with PM Focal Length and System Focal Length, simply because larger aperture telescopes tend to have longer focal lengths. Also, because larger aperture telescopes have smaller point spread functions (or plate scales) they need to have smaller pointing stabilities, hence, the inverse correlation between aperture size and pointing. Obviously, the larger the telescope aperture, the more massive the telescope will be. Additionally, the accompanying science instruments will undoubtedly be larger and more massive as well as the spacecraft. It is interesting to note that there does not appear to be a correlation between cost and operating temperature or diffraction limited performance. One explanation might be that they tend to cancel each other out. While the mirrors for longer wavelength systems are easier to manufacture, their cryogenic operating temperature increases cost. And, while visible systems operate at room temperature, their mirrors and structures are more difficult.
The second step is to select candidate CER variables and perform a regression analysis (Figure 2 ) is to 1.0 or 100%, the better the model. SPE is a normalized standard deviation of the fit residual (difference between data and fit) to the fit. The closer SPE is to 0, the better the fit. Please note that since SPE is normalized, a small variation divided by a very small parameter coefficient can yield a very large SPE. The p-value is the probability that a fit or correlation would occur if the variables are independent of each other. The closer the p-value is to 0, the more significant the fit or correlation. The closer it is to 1, the less significant. If the p-value for a given variable is small, then removing it from the model would cause a large change to the model. If it is large, then removing the variable will have a negligible effect. Also, it is important to consider how many data points are included in a given correlation, fit or regression. 
SINGLE-VARIABLE MODELS
From an engineering and a scientific perspective, aperture is the best parameter with which to build a space telescope cost model. Aperture defines the observatory's science performance (sensitivity and resolution) and determines the payload's size and mass. As discussed in Section 3, Aperture Diameter correlates with all of the other variables which significantly correlate with cost. From This CER is based on 15 data points, one of which (SOFIA) is not actually a space telescope. But as shown in Figure 3 , SOFIA's OTA cost is 'in-family' for its aperture. And, removing SOFIA from the regression has a negligible effect:
OTA Cost ~ Diameter 1.8 (N = 14; r 2 = 67%; SPE = 142)
However, both CERs only account for 67% of the cost variation and both are noisy. Therefore, a single variable aperture diameter model is not a good CER. Other variables are needed to account for the remaining 33% of cost variation. One concern about cost versus diameter is that JWST drives the fit. As a simple sanity check, the data was normalized by collecting area to define Areal Cost (Figure 4) . By eliminating the diameter influence, data spread associated with second order factors such as wavelength or operational temperature can be identified. The key point of Figure 4 is that areal cost decreases as a function of aperture diameter. Thus, given that the number of collected photons is proportional to collecting area, larger aperture telescopes have a greater return on investment (ROI) than smaller aperture telescopes.
While an Aperture based CER may be most logical for an optical engineer, many believe that Mass is the more important CER. Total system mass determines what vehicle can be used to launch the mission. And, significant engineering costs are expended to keep a given payload inside of its allocated mass budget, for example: light-weighting mirrors and structure. It is factual to assert that space telescopes are designed to meet a specific mass budget. From Compared to the Aperture Diameter CER, OTA Mass is less noisy. But, it still only accounts for 56% of the cost variation. One problem is that this CER is based on 12 data points, one of which (SOFIA) is not actually a space telescope. SOFIA is actually an 'attached' telescope. It flies attached to a 747 aircraft. And, by flying on a 747 aircraft, it can be designed to an entirely different mass budget paradigm. But, as shown in Figures 3 and 5 , while SOFIA has the approximately the same aperture size and OTA mass as HST; it has a significantly different cost than HST. One explanation might be because SOFIA has a longer diffraction limited wavelength but still operates close to ambient temperature. Another explanation might be that SOFIA does not have the challenges of operating in space, i.e. in vacuum or micro-gravity. Removing SOFIA from the regression has a significant effect:
OTA Cost ~ OTA Mass 1.1 (N = 11; r 2 = 96%; SPE = 78%)
Without SOFIA, the OTA Mass CER accounts for 96% of the cost variation and has a smaller standard percent error.
Another potential wavelength story is Herschel and Kepler. Herschel and Kepler have essentially the same mass and cost, but vastly different apertures, diffraction limits and operating temperatures. Based only on aperture, Herschel should be more expensive than Kepler, but it has a significantly longer diffraction limit and lower operating temperature. A very interesting tool for analyzing the role of mass on cost is cost density (cost per kg). Figure 6 plots OTA cost per kg versus OTA aperture diameter. Several obvious conclusions can be drawn from Figure 6 . First, all free flying space telescopes have approximately the same cost per kg -independent of aperture diameter. And, all ground telescopes also have approximately the same cost per kg -independent of aperture diameter. And, space telescopes cost about 1000X per kg more than ground telescopes -independent of aperture diameter. Second, while the conclusion regarding attached telescopes might appear to be equally obvious (that attached telescopes are approximately 5X less expensive than free-flying), it is not. For the three shuttle missions (UIT, WUPPE and HUT), the data base only has 'instrument' data, i.e. cost and mass of the telescope and science instruments (detectors, electronics, etc.). More research is required. Thus, the only conclusion which can be drawn from Figure 6 is that it costs more per kg to make low areal density flight telescopes than it costs to make massive ground telescopes. One explanation for this data might be that each of these mission 'types' are built to different design rules. While all three types need similar wavefront shape and pointing stabilities as a function of aperture diameter, they have different static gravity and dynamic jitter environments; and different mass budgets for achieving the required wavefront shape and pointing stability.
A final caution about using mass as a CER can be found by considering HST vs JWST. While the HST and JWST OTAs have similar mass and cost (although JWST is a bit more expensive), this relationship does not hold at the system level. HST system mass is nearly 2X more than JWST, yet JWST is slightly more expensive than HST.
CONCLUSIONS
Cost models are invaluable for system designers. They identify major architectural cost drivers and allow high-level design trades. They enable cost-benefit analysis for technology development investment. And, they provide a basis for estimating total project cost. Cost and engineering data has been collected on 59 different parameters for 39 x-ray, UV, optical, infrared, microwave and radio space telescopes. This CER is based on 15 data points, one of which (SOFIA) is not actually a space telescope. If SOFIA is removed from the regression it has a negligible effect:
However, both CERs only account for 67% of the cost variation and both are noisy. Therefore, a single variable aperture diameter model is not a good CER. Other variables are needed to account for the remaining 33% of cost variation.
A key point of the aperture model is that the diameter coefficient is less than 2. Therefore, areal cost decreases as a function of aperture diameter. Hence, given that the number of photons collected is proportional to collecting area, larger aperture telescopes have a greater return on investment (ROI) than smaller aperture telescopes.
While an Aperture based CER may be most logical for an optical engineer, Mass may be a more important CER. Total system mass determines what vehicle can be used to launch a mission. And, significant engineering costs are expended to keep a given payload inside of its allocated mass budget. OTA cost varies as a function of mass according to:
OTA Cost ~ OTA Mass 0.97 (N = 12; r 2 = 56%; SPE = 88)
Compared to the Aperture Diameter CER, OTA Mass is less noisy. But, it still only accounts for 56% of the cost variation. However, this CER is based on 12 data points, one of which (SOFIA) is not actually a space telescope. Removing SOFIA from the regression has a significant effect:
